The cytomegalovirus (CMV) basic phosphoprotein (BPP) is a component of the tegument. It remains with the nucleocapsid fraction under conditions that remove most other tegument proteins from the virion, suggesting a direct and perhaps tight interaction with the capsid. As a step toward localizing this protein within the molecular structure of the virion and understanding its function during infection, we have investigated the BPP-capsid interaction. In this report we present evidence that the BPP interacts selectively, through its amino one-third, with CMV capsids. Radiolabeled simian CMV (SCMV) BPP, synthesized in vitro, bound to SCMV B-capsids, and C-capsids to a lesser extent, following incubation with either isolated capsids or lysates of infected cells. Human CMV (HCMV) BPP (pUL32) also bound to SCMV capsids, and SCMV BPP likewise bound to HCMV capsids, indicating that the sequence(s) involved is conserved between the two proteins. Analysis of SCMV BPP truncation mutants localized the capsid-binding region to the amino one-third of the molecule-the portion of BPP showing the greatest sequence conservation between the SCMV and HCMV homologs. This general approach may have utility in studying the interactions of other proteins with conformation-dependent binding sites.
The basic phosphoprotein (BPP) is an abundant constituent of the cytomegalovirus (CMV) virion. On the basis of its presence in preparations of virions, noninfectious enveloped particles, and cytoplasmic nucleocapsids, but not immature nuclear capsids or dense bodies, BPP was classified as a tegument protein (13, 16, 21) . More recent evidence from cryoelectron microscopy suggests that it contacts the capsid through the distal end of the capsomers or through the triplex subunits that interlink them (8, 43) . BPP is phosphorylated in vivo (12, 24, 35) , like many other herpesvirus tegument proteins (e.g., references 17, 29, and 31), and is a predominant phosphate acceptor in vitro for the virion-associated protein kinase(s) (35) .
BPP homologs are recognized in other betaherpesviruses (e.g, see Fig. 2 ) but not in alpha-or gammaherpesviruses. The human CMV (HCMV) BPP homolog is encoded by open reading frame (ORF) UL32 (7, 23) and is predicted to have a mass of 113 kDa. However, its relative electrophoretic mobility is closer to that of the 150-kDa major capsid protein (MCP; pUL86) and is influenced by the specific conditions of electrophoresis (21, 24) , potentially complicating its identification on the basis of size or relative electrophoretic mobility alone. BPP is expressed late (6, 36) and has been detected in the nuclei of infected cells (20, 33) , although at later times it accumulates in the perinuclear region of the cytoplasm (20, 36, 38) . Unlike its simian CMV (SCMV) counterpart, HCMV BPP is modified by the attachment of O-linked N-acetylglucosamine to two serines near its carboxyl end (2, 19) . It elicits a strong humoral immune response (16, 24, 27) , and there is evidence from the effects of antisense sense RNAs (30) and a spontaneous mutation in the gene (45) that BPP is important, if not essential, for the production of infectious virus.
Although little is known about the function of BPP, its close association with the nucleocapsid suggests potential involvements in nuclear targeting early and in nuclear egress, capsid tegumentation, and envelopment late in infection. The experiments described here were done to investigate the interaction of BPP with CMV capsids as a step toward understanding its structural and functional roles during virus assembly and infection. By monitoring in vitro binding of radiolabeled BPP to CMV capsids, we obtained evidence that this interaction can be reproduced and studied in vitro, is specific, and requires the most conserved amino one-third of the BPP molecule. below]) and 1 to 193 (MB155; oligonucleotide no. 3 [see below]) were made by PCR amplification of the 5Ј end of the sBPP gene such that the coding sequences for the indicated amino acids were deleted and replaced by a methionine codon. Deletion of amino acids 1 to 275 (MB156) was achieved by oligonucleotide (no. 4 [see below])-mediated mutagenesis that replaced the indicated residues with a methionine codon. The double-deletion mutant expressing amino acids 194 to 275 (MB157) was generated by PCR amplification of the indicated coding region using primers that placed a start codon immediately 5Ј of the codon for Ala194 and a stop codon immediately 3Ј of the codon for Asp275 (oligonucleotide no. 5 [see below]).
The following pairs of synthetic oligonucleotides, numbered as indicated above, were used to make the sBPP plasmids: no. 1, sense, 5Ј-AATTCGGACC ATGAATTTAAGCTTTATTGGACTAACGCATCGCAATGTTG-3Ј, and antisense, 5Ј-CTAGCAACATTGCGATGCGTTAGTCCAATAAAGCTTAAAT TCATGGTCCG-3Ј; no. 2, forward, 5Ј-GGAAAGCTTATCATGGTACAAGC CCGTCCTCAC-3Ј, and reverse, 5Ј-ATCTTCGTAGATATTAAAATCTTCC-3Ј; no. 3, forward, 5Ј-GGAAAGCTTATCATGGCAACTAATAAACTAGTGT ATCTTGGT-3Ј, and reverse, same as no. 2 reverse oligonucleotide; no. 4, sense, 5Ј-AGCTTGGTACCGAGCTCGGATCCACTATG-3Ј, and antisense, 5Ј-CAT AGTGGATCCGAGCTCGGTACCA-3Ј; no. 5, forward, Same as no. 3 forward oligonucleotide, and reverse, 5Ј-TCAATCTTCGTAGATATTAAAATCTTCC-3Ј.
In vitro protein synthesis. (19) , respectively. Both proteins had approximately the same electrophoretic mobility as their infectedcell counterparts, and both were immunoprecipitated by BPP-specific antisera (see Fig. 4 and data not shown). In vitro-radiolabeled luciferase was made from the T7 control plasmid supplied with the TNT system. BPP truncation mutants lacking carboxyl sequences were made by cleaving plasmid MB150 at the StuI, EcoRV, or BsmI restriction site within the sBPP coding sequence and using the resulting DNA in the TNT system to make radiolabeled proteins. Truncation mutants lacking amino sequences were made by using plasmids MB154, MB155, MB156, and MB157 in the TNT system. Preparation of capsids. Capsids were recovered from virus-infected cells by rate-velocity sedimentation in sucrose gradients, essentially as described before (28) . Three differences from the earlier procedure were as follows: (i) the sucrose solutions were prepared in 500 mM NaCl, 1 mM EDTA, and 20 mM Tris, pH 7.4, to increase binding stringency; (ii) the gradients were 20 to 50% sucrose; and (iii) the time of centrifugation was increased to 30 min.
Assay for BPP-capsid interaction. Virus-infected cells were separated into nuclear and cytoplasmic fractions by treatment for 2 min on ice with Nonidet P-40 (NP-40; 0.5% in 40 mM sodium phosphate buffer [pH 7.4], 150 mM NaCl) as described before (13) . The pelleted nuclei were combined with 1 ml of the same buffer lacking NP-40 and ruptured by 20 passages through a 23-gauge hypodermic needle. Particulate material was cleared from the resulting lysates by centrifugation at 16,000 ϫ g and 4°C for 5 min.
Freshly prepared 35 S-BPP-containing reticulocyte lysate was added to freshly prepared NP-40-cytoplasmic-or NP-40-nuclear-lysate fractions. The mixtures were rocked for 15 min at room temperature, placed on ice with occasional mixing for an additional 45 min, and then layered onto 20 to 50% sucrose gradients and subjected to centrifugation at 40,000 rpm at 4°C for 30 min in a Beckman SW41 rotor. The resulting gradients were inspected for light-scattering capsid bands and collected from the top using an ISCO (Lincoln, Neb.) 185 gradient fractionator. Portions of each fraction were solubilized, subjected to gel electrophoresis, and analyzed by staining for proteins, detection of [
35 S]methionine, and Western immunoassay.
Gel electrophoresis, Western immunoassay, and phosphorimaging. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was done essentially as described by Laemmli (25) ; the gels were 0.75 mm thick and 10% acrylamide, and the SDS was from Bio-Rad (no. 161-0301; Melville, N.Y). Proteins were stained with Coomassie brilliant blue (CBB) (10) or silver (44) .
Western immunoassays were done essentially as described by Towbin et al. (41) ; Immobilon membranes (no. IPVH00010; Millipore, Bedford, Mass.) were used, the electrotransfer buffer was 50 mM Tris-10% methanol, and the time of semidry transfer was determined by the formula 2.5 ϫ gel width (in centimeters) ϫ gel height (in centimeters) ϭ milliamperes per 30 min. The antisera used in the Western assays were (i) anti-sBPP, prepared by immunizing a rabbit with SDS-PAGE-purified sBPP from SCMV nuclear B-capsids (J. Lee Nucleotide sequence accession number. The GenBank accession number of the ORF encoding the SCMV BPP is AF320757.
RESULTS
When GAL4 two-hybrid assays showed no interaction between BPP and the three individual capsid shell proteins (i.e., MCP [pUL86], mCP [pUL85], and mCBP [pUL46]), we investigated the in vitro capsid-binding assay described here as an alternative. Our rationale was that BPP interaction with the capsid may require conformational determinants available only on higher-order structures or assembly intermediates. Intracellular capsids were used as substrates because they have less BPP than virions and noninfectious enveloped particles (13, 22) and were considered more likely to have unoccupied BPP binding sites. We also used SCMV for most experiments rather than HCMV because it typically gives better yields of intracellular capsids (reference 22 and unpublished observations).
SCMV homolog of HCMV ORF UL32 identified. In order to do these experiments with SCMV, it was necessary to identify, clone, and express the SCMV gene encoding the homolog of HCMV BPP. Based on the genomic colinearity between SCMV and HCMV, and using the available restriction mapping data for the SCMV genome (26), the SCMV BPP coding sequence had been mapped to the XbaI B and SalI F fragments (L. Robson, J. Lee, and W. Gibson, unpublished results). The region of overlap was predicted to be an ϳ8.5-kb XbaI/SalI fragment ( Fig. 1 ). This fragment was isolated from genomic SCMV DNA, cloned into the vector pBluescript II SK(ϩ), and subjected to nucleotide sequencing, as described in Materials and Methods. A 2.3-kb ORF was identified that is predicted to encode a 762-amino acid protein with sequence similarity to the HCMV BPP ( Fig. 1) . Alignment of the protein sequence with those of the HCMV, chimpanzee CMV (CCMV), rat CMV, and mouse CMV (MCMV) BPP homologs and two other betaherpesvirus BPP homologs is presented in Fig. 2 . This alignment recognized 52 (17%) similar, including 15 (5%) identical, amino acids among the seven homologs, all within the first Ϸ300 residues. The conservation within this region was much higher among the three primate CMV homologs (65% similar; 44% identical) and highest between the HCMV and CCMV homologs (85% similar; 72% identical). For reference, we have indicated (i) the 15 absolutely conserved residues, which include the only cysteine present in the HHV-6 BPP, (ii) the two most conserved regions (CR1 and CR2), and (iii) a cysteine tetrad (Cys-X 7 -Cys-X 9 -Cys-X 7 -Cys) near CR2 whose spacing is conserved among the primate CMV BPP homologs and which may have a counterpart in the MCMV BPP (i.e., Cys363-Cys389). SCMV BPP is 286 amino acids shorter than its HCMV homolog and lacks the O-GlcNAc attachment sites mapped on HCMV BPP to Ser921 and Ser952 (19) . The CCMV homolog, however, which is only 34 amino acids shorter than HCMV BPP, does contain two serines that align if the scoring matrix is changed (i.e., Ser884 and Ser915 [alignment data not shown]).
BPP binds to isolated CMV capsids. B-and C-capsids were recovered from the NP-40 nuclear fraction of SCMV-infected cells (about 0.5 ml/band), mixed, and combined with 30 l of (18), and HHV-7 (32) by using the ClustalW algorithm (40) . Identical residues are in boldface; the two most highly group-conserved regions (CR1 and CR2) and a primate CMV-conserved cysteine tetrad (Cys tetrad) are boxed for reference.
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CMV BASIC PHOSPHOPROTEIN BINDS CAPSIDSrabbit reticulocyte lysate containing in vitro-synthesized 35 SsBPP. The same was done with B-and C-capsids recovered from the NP-40 cytoplasmic fraction. Following incubation, the preparations were diluted 1:1 with 40 mM phosphate buffer (pH 7.4) containing 150 mM NaCl, layered onto sucrose gradients, and subjected to centrifugation. Light-scattering B-and C-capsid bands were noted, the resulting gradients were fractionated, and duplicate sets of samples were subjected to parallel SDS-PAGE and Western immunoassay, all as described in Materials and Methods.
Phosphorimages were prepared from the stained and dried gels (Fig. 3) and from the membranes after probing them with a mixture of antisera to three capsid proteins (i.e., mCP, mCBP, and AP) (Fig. 3, insets) . Measurements from these data showed the following. (i) Most of the 35 S-sBPP in the gradient containing nuclear capsids moved from the loading volume into the capsid-resolving portion of the gradient (i.e., fractions 8 to 12). Eighty percent of the total BPP cosedimented with B-capsids in fractions 9 and 10 (distinguished by the AP band), where it represented 32% of the radioactivity in those lanes, and Յ1% was present with C-capsids in fraction 12 (Fig. 3A) . (ii) Less 35 S-sBPP moved from the loading volume into the capsid-resolving region of the gradient containing cytoplasmic capsids. Twenty-six percent of the total cosedimented with B-capsids in fractions 8 and 9, and 6% cosedimented with C-capsids in fraction 11 (Fig. 3B) . The lower percentage of capsid-bound BPP in the cytoplasmic preparation is attributed primarily to the ϳ6-fold-reduced amount of B-plus C-capsids in that gradient, as estimated from the amount of triplex proteins (Table 1) . (iii) B-capsids bound at least 10-fold more 35 S-sBPP than C-capsids in the nuclear preparation and about 5-fold more in the cytoplasmic preparation (Table 1) . We attach greater significance to the general finding that B-capsids bind more 35 S-sBPP than C-capsids than to the specific magnitude of this difference. (iv) When capsids were omitted from the starting sample, 99% of the 35 S-sBPP (and smaller radiolabeled species) remained in the loading volume (the first two fractions), and the small amount that entered the gradient trailed off quickly, with no evidence of oligomerization or aggregation (data submitted at review but not shown here).
The shorter-than-full-length species synthesized in vitro (e.g., Fig. 3 , leftmost lanes) are taken to be fragments of sBPP, based on the findings that (i) many were immunoprecipitated by a rabbit antiserum to full-length sBPP (data submitted at review but not shown here) and (ii) all are larger than 6.1 kDa, the largest protein predicted to be encoded by ORFs out of phase with and unrelated to the cloned sBPP sequence. Considering that more than half of these fragments bind to capsids (Fig. 3 to 6 ) and that capsid binding by BPP is mediated through its amino end (see below), it is likely that many of the fragments result from premature termination of translation in vitro. Several smaller proteins in the starting preparation did not bind to capsids (e.g., Fig. 3A) , showing that binding among the translation products is selective.
BPP binds to capsids when added to lysates of infected cells. The binding of sBPP to capsids in cruder preparations was tested by adding in vitro-synthesized 35 S-sBPP to a lysate prepared from the NP-40 nuclear fraction of infected cells. After the mixture was incubated for 60 min, it was subjected to rate-velocity centrifugation and gradient fractionation. Portions of the resulting gradient fractions were solubilized and subjected to SDS-PAGE, and the proteins were electrotransferred to an Immobilon membrane.
Phosphorimage analysis of the membrane before and after Western immunoassay was done such that the exogenous 35 SsBPP added to the reaction mixture ( Fig. 4A; there was insuf-FIG. 3 . SCMV BPP binds to isolated SCMV capsids in vitro. Nuclear and cytoplasmic capsids were combined with 35 S-sBPP and subjected to rate-velocity centrifugation; the resulting gradients were fractionated, and duplicate sets of samples were subjected to SDS-PAGE (separate gels for each gradient) and Western immunoassay (a single gel and membrane containing all cytoplasmic and nuclear gradient fractions). Phosphorimages of the nuclear (A) and cytoplasmic (B) gradient fractions following SDS-PAGE are shown. The insets show a portion of the Western immunoassay after the membrane was probed to detect mCP, mCBP, and AP. B and C denote fractions containing Band C-capsids. The B-capsid peak was split between two fractions in both gradients. The nuclear capsid preparation (3.5 ml) and the cytoplasmic capsid preparation (2.5 ml) were loaded onto the gradients; that material is in the first 7 (A) or 5 (B) fractions, labeled Load. Pel denotes the pellet. The arrow in panel B indicates the location of the SCMV BPP band. The asterisks denote proteins in the BPP translation mixture (the leftmost lane in both panels) that did not bind well to the capsids. The numbers at the bottoms of the panels and insets indicate corresponding fraction numbers.
ficient protein mass to be detected in Western assay) and the endogenous BPP already present in the lysates and on capsids (detected only by Western immunoassay; Fig. 4B ) could be measured independently and compared. We found that 70% of the full-length 35 S-sBPP in the gradient was in fraction 6 and that 1% was in fraction 9 (Fig. 4A ). These were the fractions containing B-and C-capsids, respectively, as determined by CBB staining (separate gel not shown) and by the relative intensity peaks of mCP in the Western immunoassay (Fig. 4B) . The Western assay also showed that endogenous BPP was more abundant on C-capsids than on B-capsids ( Fig. 4B ; see the BPP bands at B-and C-capsid positions), in contrast to the added 35 S-sBPP. Calculations made from these data indicate that nuclear B-capsids contain Ϸ6-fold less endogenous BPP than C-capsids from the same preparation and bind Ϸ12-fold more exogenous 35 S-sBPP (Table 2 )-close to the Ϸ10-fold difference in 35 S-sBPP binding calculated for isolated nuclear B-versus C-capsids (Table 1) . When the experiment was repeated with a lysate prepared from noninfected HFF cells, 96% of all 35 S-sBPP remained in the loading volume (the first two 0.5-ml fractions) with no evidence of aggregated material in the gradient or pellet fractions (data submitted at review but not shown here).
Evidence that BPP binding is specific. To increase confidence that BPP binding to CMV capsids is specific, we did the following controls. First, we repeated the binding assay with [ 35 S]methionine-labeled luciferase, an unrelated protein that would not be expected to interact with BPP-specific sites on the capsid. In the positive control, 66% of the 35 S-sBPP bound to B-capsids (Fig. 5A, fractions 8 and 9 ), but there was no evidence for association of 35 S-luciferase with B-capsids ( Fig. 5B ; i.e., no luciferase peak and Ͻ0.4% of the total at the B-capsid position).
We next tested whether the closely related HCMV BPP would bind to SCMV capsids. In vitro-synthesized, 35 S-hBPP was added to nuclear and cytoplasmic lysates of SCMV-infected cells and assayed as described above for binding to capsids. Its distribution in the gradient was similar to that of 35 S-sBPP, and 39% of the total was present with SCMV Bcapsids in fraction 9 (Fig. 5 , compare panels A and C; similar data not shown for the cytoplasmic fraction). The reciprocal experiment was also done to determine whether SCMV BPP (and HCMV BPP) binds to HCMV capsids. The HCMV intracellular B-capsid bands were much weaker than those of SCMV, as expected (22) , and were determined (from a silverstained gel not shown) to be most concentrated in fraction 8 of each gradient, which contained Ϸ10% of the total 35 S-sBPP (Fig. 5D) and 35 S-hBPP (Fig. 5E ). The lower percentage of bound 35 S-BPP in these HCMV gradients is thought to reflect the lesser amount of capsids present in the starting lysates.
An additional test for specificity was to determine whether the CMV BPP would bind to HSV B-capsids, which are grossly FIG. 4 . SCMV BPP binds to capsids in lysates of SCMV-infected cells. The nuclear fractions of SCMV-infected cells were incubated with 35 S-sBPP, the mixtures were separated by rate-velocity centrifugation, and gradient fractions were subjected to SDS-PAGE followed by electrotransfer to Immobilon membranes. Shown are phosphorimages prepared from the membrane before (A) and after (B) it was probed with a mixture of anti-sBPP and anti-mCP. An acetate sheet and a sheet of XAR film were placed between the membrane and imaging plate to block the 35 S signal for panel B. B-and C-capsids (denoted between the panels) were determined to be in fractions 6 and 9, respectively, by the pattern of CBB-stained proteins in a separate gel (not shown) and by the peak intensities of mCP following immunoassay (B). NP-40 nuclear (N) and cytoplasmic (C) fractions of nonradiolabeled SCMV-infected cells were included in the leftmost lanes as position markers for the protein bands of interest. The vertical lines between the panels indicate the first and last fractions of the gradient. a Phosphorimaging measurements were made from the CBB-stained dried gels shown in Fig. 3 . The sBPP bands quantified are from lanes 9, 10 (nuclear B-capsids), and 12 (nuclear C-capsids) of Fig. 3A and lanes 8, 9 ( cytoplasmic B-capsids), and 11 (cytoplasmic C-capsids) of Fig. 3B . The numbers are in units of photostimulated luminescence (PSL; proportional to the amount of radioactivity present) and are corrected for background.
b Phosphorimaging measurements were made from the bands shown in the Fig. 3 insets. Triplex protein bands (i.e., mCP and mCBP, in the lanes specified in footnote a) were quantified separately and corrected for background, and the PSL values were combined to give the numbers shown. The triplex proteins are in a fixed copy number in capsids (15) and were used to normalize the 35 S-sBPP measurements. Triplex values for nuclear and cytoplasmic capsids were obtained from the same coprocessed membrane and are directly comparable.
c Calculated as (A/B for B-capsids) divided by (A/B for C-capsids).
similar to CMV B-capsids (e.g., in size, subunit structure, and protein counterparts) (43) and could conceivably bind CMV BPP through such shared general features. The possibility of a sequence-specific interaction between the two, however, seemed unlikely because the HSV B-capsid proteins themselves have little sequence homology with their CMV counterparts and HSV has no recognized homolog of CMV BPP (7, 18, 32) . HSV capsids were recovered from monkey kidney (Vero) cells, because yields from HFF are low, and protease inhibitors (no. 1836153; Roche, Indianapolis, Ind.) were included in the lysis buffer from this point on to overcome BPP proteolysis observed in an initial experiment with Vero cell lysates (data not shown). The results of the experiment showed no evidence of BPP binding to either HSV B-or C-capsids (Fig. 5F, Ͻ0 .3% of total BPP was in gradient with the B-capsid fraction), even though the capsid amounts were equal to or greater than those of SCMV (data not shown). Thus, BPP binding to CMV capsids is not due to some general feature of the capsid shared by all herpesviruses.
Sequences within amino one-third of SCMV BPP required for capsid binding. The finding that HCMV BPP binds to SCMV capsids and vice versa ( Fig. 5C and D) , and the observation that the strongest amino acid similarities between sBPP and hBPP are at their amino ends (Fig. 2) , suggested that BPP may interact with the capsid through these sequences. This was tested by using a set of amino and carboxyl deletion mutants, as summarized in Fig. 6 and 7. SCMV BPP (Fig. 6A ) and a deletion mutant lacking the carboxyl 321 amino acids bound well to B-capsids (␦C321 [Fig. 6B]) . The small amounts of full-length BPP in the preparations of all three carboxyl truncation mutants (e.g., Fig. 6B and C, top left) resulted from incomplete cleavage of plasmid MB150 prior to its use in the reticulocyte lysate. A second carboxyl deletion mutant, constructed to retain CR2 and the Cys tetrad, also bound well to B-capsids (␦C487 [Fig 6C] ), but the third carboxyl truncation mutant, constructed to remove that same CR2-Cys tetrad sequence, showed no binding (␦C568 [Fig. 6D]) . These results implicate the amino 275 residues of sBPP as the capsid-binding region (Fig. 7) .
This was tested more directly by deleting the first 275 residues of sBPP to create mutant ␦N275 (Fig. 7) , which showed no capsid binding (Fig. 6E) . Two shorter amino-end deletions were also tested. One (␦N193) removed residues 1 to 193, leaving CR2 and the Cys tetrad; the other (␦N99) removed residues 1 to 99, leaving CR2 and the Cys tetrad but eliminating Cys41 and CR1 (Fig. 7) . In addition, we tested a double deletion containing only the sequence Ala194 to Asp275 (␦N193/␦C487 [ Fig. 7]) , which made the difference between binding (␦C487) and not binding (␦C568) to capsids ( Fig. 6C  and D) . None of these amino deletions showed significant FIG. 5 . SCMV BPP binding to capsids shows specificity. Equal amounts of nuclear lysate from SCMV-infected cells (SCMV) were combined with 35 S-sBPP (A), [ 35 S]methionine-labeled luciferase (Luc) (B), or 35 S-hBPP (C). In a separate experiment, an equal amount of nuclear lysate from HCMV-infected cells (HCMV) was combined with 35 S-sBPP (D) or 35 S-hBPP (E). The pellet fractions of these two gradients were approximately 10-fold more concentrated than those of the other gradients. (F) In a third experiment, the nuclear lysate from HSV-infected cells (HSV) was combined with 35 S-sBPP. Each preparation was incubated, subjected to centrifugation and gradient fractionation, and then analyzed by SDS-PAGE of the gradient fractions, followed by protein staining with CBB (SCMV and HSV preparations) or silver (HCMV preparations) and phosphorimaging of the dried gels.
Shown here are the resulting phosphorimages. The leftmost two or three lanes represent the loading volume. The fractions containing B-capsids were identified by protein staining in all gradients and are indicated in the corresponding lanes by the letter B. In Panels A, D, E, and F, B-capsids were split between two fractions. The asterisks denote the protein band in each gel corresponding to the full-length in vitro translation product.
binding to B-capsids (Fig. 6E to G) , indicating that the first 99 amino acids of sBPP also contain B-capsid-binding determinants. We have not investigated the indication that all of the amino-deletion mutants containing residues 194 to 275 showed weak binding to C-capsids (i.e., two to three-fold above flanking lanes [Fig. 6F, G, and H] ). These data are summarized in Fig. 7 and indicate that binding of sBPP to B-capsids involves (i) the sequence that includes CR2 and the Cys tetrad (i.e., its deletion eliminated binding [ Fig. 6D and E] ) and (ii) the amino-terminal sequence containing the absolutely conserved Cys and CR1 (i.e., its deletion eliminated binding [Fig. 6G]) .
DISCUSSION
There is evidence that the CMV BPP interacts directly and strongly with the capsid (14, 43) . When our attempts to investigate this interaction through pairwise GAL4 two-hybrid screens of the capsid proteins were unsuccessful, we tested an assay intended to detect BPP interactions with either individual proteins or higher-order assemblages. By combining in vitro-synthesized 35 S-BPP with isolated capsids or with infected-cell lysates, we were able to demonstrate that BPP binds selectively to CMV capsids and that the interaction requires sequences within its amino end.
Most of our experiments were done with SCMV, which required first identifying and cloning the SCMV BPP ORF.
Comparison of its sequence with those of the other beta-herpesvirus BPP homologs (Fig. 2) showed that it is most similar to the HCMV and CCMV counterparts, but shorter, and that all have sequence conservation through their first Ϸ300 amino acids but much less similarity after that. The amino end of SCMV BPP contains (i) two conserved regions, CR1 and CR2, that are represented among all beta-herpesvirus BPP homologs; (ii) an absolutely conserved cysteine (e.g., SCMV Cys41), the only one present in the human herpesvirus 6 (HHV-6) homolog; and (iii) a cluster of four other cysteines in a Cys-X 7 -Cys-X 9 -Cys-X 7 -Cys tetrad that is present in the three primate CMV BPPs, possibly with a counterpart in MCMV beginning at Cys363. The less conserved carboxyl end of SCMV BPP is 286 amino acids shorter than HCMV BPP, in line with its smaller size as estimated by SDS-PAGE. It is unexplained, however, why SDS-PAGE size estimates for both proteins (i.e., Ϸ115 and Ϸ150 kDa, respectively) are so much larger than predicted (i.e., 85 and 113 kDa, respectively). Among the HCMV sequences missing from SCMV BPP are those that contain the two serines modified by O-linked Nacetylglucosamine (19) , explaining why this sugar was not detected on SCMV BPP (2) . Considering that these serines do not appear to be conserved in any of the other BPP homologs, with the possible exception of CCMV (see Results), it will be interesting to determine whether they are conserved and mod- CMV BASIC PHOSPHOPROTEIN BINDS CAPSIDSified in all strains of HCMV and, if so, whether they may represent a functionally significant evolutionary change. Our main conclusion that BPP binds with specificity to CMV capsids was based initially on the finding that, when in vitrosynthesized BPP was combined with isolated capsids or infected-cell lysates, it cosedimented with B-and, to a lesser extent, C-capsids. The finding that this interaction occurred in crude lysates of infected cells containing a broad range and comparatively high concentrations of potentially competing molecules suggested some degree of specificity, which was substantiated in several ways. First, the closely related HCMV BPP bound approximately as well to SCMV capsids, but an unrelated protein, luciferase, did not bind. Second, SCMV BPP bound well to HCMV capsids, whose proteins are closely related to those of SCMV capsids, but not to HSV capsids, whose proteins have much less sequence similarity to their SCMV counterparts. Third, BPP bound B-capsids preferentially to C-capsids, which have more endogenous BPP ( Fig. 3 and Tables 1 and 2) (13). The last observation is consistent with a specific inhibition by endogenous BPP on the binding of exogenous radiolabeled BPP and is compatible with a saturable number of capsidbinding sites for BPP.
The interchangeability of the SCMV and HCMV BPPs in binding to capsids, and the higher degree of sequence conservation at their amino ends, suggested that residues toward the amino end of BPP might mediate capsid binding. This was supported by evidence from BPP deletion mutants, which showed that the sequence Met1 to Asp275 was both necessary (e.g., ␦C568 and ␦N275) and sufficient (e.g., ␦C487) for binding to B-capsids (Fig. 6D, G, and C, respectively) . Additionally, we have recently determined that this amino 275-amino-acid fragment of BPP will direct green fluorescent protein (as a BPP-␦C487 GFP fusion protein) to bind B-capsids (data not shown). Deletions in this 275-amino-acid fragment from either end profoundly reduced or eliminated its capsid binding. These results could be accounted for by two separate interactions being required for BPP binding, one mediated by the CR1-containing sequence 1 to 99 and the other mediated by the CR2-containing sequence 194 to 275. This would be compatible with the two separate contacts observed by cryoelectron microscopy for the tegument protein extending outward from the triplexes and bridging to the capsomer-capping protein (43) . Alternatively, the capsid-binding domain of BPP may be composed of multiple nonlinear elements that collectively form a conformational binding interface. Although our data do not distinguish between these possibilities, or necessarily eliminate other less straightforward interpretations, they do suggest targets for site-directed mutagenesis (e.g., Cys41, CR1, CR2, and the Cys tetrad) that are expected to refine understanding of the BPP-capsid interaction.
Our efforts to demonstrate pairwise interactions of BPP with the individual capsid proteins by using GAL4 two-hybrid assays have not yet been productive. One explanation for this is that our GAL4 test constructs may be sterically hindered by their fusion domains and unable to interact. Another is that the capsid-binding sites for BPP may become available only after the protein(s) involved has been incorporated into the capsid and has possibly also undergone maturational rearrangements. Such conformational changes occur in both bacteriophage (1, 4, 5, 39) and eukaryotic viruses, including HSV (42) , and may help drive the assembly process forward. If BPP or other proteins do associate with nascent particles through sites formed (Fig. 6 ) are summarized. A schematic of each protein tested is shown, indicating landmarks present or absent. The boxes represent CR1 and CR2, and the gray ovals represent the cysteine tetrad, both described in the legend to Fig. 2 . The solid circles represent Cys41, which is absolutely conserved among all beta-herpesvirus BPP homologs. ϩ, strong capsid binding; Ϫ, no binding; Ϫ‫,ء‬ no binding to B-capsids but perceptibly increased radioactivity in the C-capsid fraction. The data panels indicate the panel in Fig. 6 showing the test protein. a Phosphorimaging measurements were made from CBB-stained dried gel. The samples in the gel were the same as those shown after electrotransfer to Immobilon membranes in Fig. 4A ; measurements were from corresponding lanes 6 (B-capsids) and 9 (C-capsids). The numbers are in units of photostimulated luminescence (PSL; proportional to the amount of radioactivity present) and were corrected for background.
b PSL of BPP bands on Immobilon membrane shown in Fig. 4B, lanes 6 (B-capsids) and 9 (C-capsids). c PSL of mCP bands on Immobilon membrane shown in Fig. 4B, lanes 6 (B-capsids) and 9 (C-capsids). mCP is one of the two triplex proteins and is present in a fixed copy number in capsids (15) ; it was used to normalize the 35 S-sBPP measurements to the relative amounts of B-and C-capsids. d Calculated as (A/C for B-capsids) divided by (A/C for C-capsids). e Calculated as (B/C for B-capsids) divided by (B/C for C-capsids).
sequentially during the maturation process, assays such as the one described here may be necessary to study their interactions.
